In this work, we report the design and fabrication of hierarchical NiCo 2 S 4 @polypyrrole (PPy) core-shell hybrid nanosheet arrays on Ni foam as a novel battery-type electrode using a facile hydrothermal and electrodeposition strategy. The conductive and electroactive PPy layers are deliberately coated on the backbones of interconnected NiCo 2 S 4 nanosheets to significantly boost the energy storage capacity. The 
Introduction
With the fast growth of portable electronics and hybrid/electric vehicles in modern society, there has been a rapidly increasing demand for safe and reliable energy storage systems with both high energy and power densities.
1-4 As we know, lithium-ion batteries and supercapacitors are two paradigm devices in typical energy storage systems. Usually, batteries can store higher energy than supercapacitors due to the intercalation of large numbers of ions into the electrode materials, while supercapacitors can deliver more power than batteries through the fast accumulation of charges on the electrode surface.
5,6
However, till now batteries and supercapacitors have not been capable of providing plenty of energy and good power densities simultaneously, and researchers are trying to develop new energy storage materials and systems to satisfy the ever-growing energy needs. Recently, hybrid supercapacitors (HSCs) have attracted tremendous attention, since they can bridge the gap between conventional batteries and supercapacitors and exhibit many appealing advantages, such as high power density, improved energy density even comparable to the low end of lithium ion batteries, fast rate of charging-discharging, long service life and safety. [7] [8] [9] [10] [11] ) as the positive and negative electrode, respectively. Hence, it is highly essential to develop novel battery-type electrode materials with outstanding electrochemical properties, which mainly determines the performance of HSC devices.
Among various battery-type electrode materials, NiCo 2 S 4 has intrigued particular research attention owing to the merits of low cost, facile fabrication as well as possessing richer redox reactions and higher electrical conductivity than the single component oxides and suldes. [24] [25] [26] [27] [28] [29] In the past few years, many efforts have been devoted to further boosting the energy storage efficiency of NiCo 2 S 4 by exploring various NiCo 2 S 4 -based coreshell nanostructures. 30 33 Although notable progress has been made by the researchers, the designed construction of NiCo 2 S 4 -based core-shell nanostructures remains challenging, and many of the assembled HSC devices based on these materials still suffer from the less satisfactory electrochemical performance, especially in terms of achieving both high energy and power densities, which largely restricts their wide practical applications.
Herein, we report the design and fabrication of threedimensional (3D) hierarchical NiCo 2 S 4 @polypyrrole (PPy) coreshell hybrid nanosheet arrays (NSAs) on Ni foam as binder-and additive-free electrodes for supercapacitors. The interconnected NiCo 2 S 4 nanosheets were employed as excellent conductive backbones for docking electroactive materials, while the conducting polymer, PPy in this work, was chosen as the shell materials because of its high electrical conductivity (10-100 S cm
À1
) and fast redox reaction for charge storage. 34, 35 As expected, the coating of PPy nanosheets on the surface of NiCo 2 S 4 can not only facilitate the electron transport in the system, but also provide larger surface area with more contribution of capacity from the shell materials. However, to the best of our knowledge, the combination of NiCo 2 S 4 and PPy in an integrated electrode has been rarely reported. 36 In this work, the optimized NiCo 2 -S 4 @PPy core-shell hybrid NSAs can exhibit a high areal capacity of 800 mA h cm À2 at 5 mA cm
À2
, and a rate capability of 51.7% with current density increased from 5 to 100 mA cm
. Remarkably, the aqueous HSC device based on this material displays a high areal capacity of 1528 mA h cm À2 at 5 mA cm
, and excellent cycling stability of 98.3% over 3000 cycles at a high current density of 20 mA cm
. Moreover, the HSC device can achieve a maximum energy density of 60. 8 
Fabrication of aqueous hybrid supercapacitors (HSCs)
The HSC devices were constructed by integrating the NiCo 2 -S 4 @PPy and activated carbon (AC) as the positive and negative electrodes, respectively. The two electrodes were separated by a piece of porous cellulose paper in 2 M KOH aqueous electrolyte, and pressed together in a CR-2025 coin cell (denoted as NiCo 2 S 4 @PPy//AC). Specically, the mass of active materials on the positive and negative electrodes were carefully matched by balancing the charges stored in both electrodes with Q + ¼ Q À .
Materials characterization
The crystalline structure of the products was characterized by Xray diffraction (XRD) on a Bruker D8 Advance diffractometer with Cu Ka radiation (l ¼ 1.5406Å). The morphology and microstructure of the products were investigated by eld-emission scanning electron microscopy (FE-SEM, Hitachi S4800) and high-resolution transmission electron microscopy (HRTEM, FEI Tecnai F20), respectively. The elemental compositions were analyzed by energy-dispersive X-ray spectroscopy (EDS) with a high-angle annular dark-eld (HAADF) detector under scanning TEM (STEM) mode on Tecnai F20. The Fourier transform infrared (FTIR) spectra were obtained on a Nicolet 5700 spectrometer.
Electrochemical measurements
All the cyclic voltammetry (CV), galvanostatic charge-discharge and electrochemical impedance spectroscopy (EIS) tests were conducted on an electrochemical workstation (CHI760E) in 2 M KOH aqueous solution. For single electrodes, the electrochemical measurements were carried out in a three-electrode conguration, with Pt foil and SCE acting as the counter and reference electrodes, respectively. Regarding the full-cell devices, the electrochemical properties were explored in a twoelectrode conguration with the NiCo 2 S 4 @PPy as the positive electrode and AC as the negative electrode, respectively. The areal capacities for the battery-type electrodes were determined based on the following equation:
where Q a (mA h cm À2 ) is the areal capacity, I (A) is the discharge current, t (s) is the discharge time, S (cm 2 ) is the geometrical area of the electrode. The specic energy and power densities of the HSC devices were derived based on the total mass of active materials on both electrodes according to the following equations:
) is the energy density, P (W kg À1 ) is the power density, m (g) is the total mass of active materials on both electrodes, I (A) is the discharge current, U (V) is the potential of the device and t (s) is the discharge time from the discharge curve, respectively.
Results and discussion
In this work, we present a facile strategy to fabricate the unique 3D NiCo 2 S 4 @PPy core-shell hybrid NSAs on conductive substrates, which mainly involves two key steps as schematically illustrated in Fig. 1 . Firstly, the high-quality NiCo 2 S 4 NSAs were grown on Ni foam through a hydrothermal method followed by an ion-exchange reaction of S 2À ions in the solution. In the next step, sheet-like PPy conductive layers were cross-linked from Py monomers and deposited on the surface of NiCo 2 S 4 backbones via an electrochemical polymerization process, which successfully resulted in the formation of 3D hierarchical NiCo 2 S 4 @PPy core-shell nanostructures. We are able to control the coating of PPy layers with different amounts by simply adjusting the electrodeposition time, as demonstrated by the SEM images in Fig. S1 . † In this work, we will mainly focus on the NiCo 2 S 4 @PPy electrode with PPy layers coated by 5 min, which has the optimized electrochemical properties. It should be mentioned that prior to the polymerization process, sufficient Py monomers were deliberately adsorbed on the surface of NiCo 2 S 4 in the electrolyte to facilitate the polymerization process and protect the NiCo 2 S 4 backbones from oxidation. The crystalline structure and phase purity of the hybrid composite were probed by XRD measurement. Fig. 2 38 Apart from these peaks, a broad peak centered at ca. 23 arising from the coated PPy phase is also detected, which is distinctly in agreement with the reported literatures on PPybased composites, 39-41 reecting the poor crystallinity of the PPy layers within the hybrid composite.
The surface morphologies of the products were characterized by FESEM. For the pristine NiCo 2 S 4 ( Fig. 3A and B) , it is revealed that the whole Ni foam skeleton has been covered by high-density of NiCo 2 S 4 nanosheets with an average wall thickness of ca. 50 nm and lateral size ranging from 1 to 2 mm. These NiCo 2 S 4 nanosheets directly grown on Ni foam are observed to interconnect with each other to form a 3D porous network with adequate interspaces among them, which can be utilized as ideal conductive backbones to support additional electroactive materials. Aer the electrodeposition, as shown in Fig. 3C and D, one can see that the NiCo 2 S 4 backbones have been entirely wrapped by a thin lm of PPy shell materials with total thickness increased to ca. 120 nm, forming the desirable hierarchical NiCo 2 S 4 @PPy core-shell hybrid nanostructures. Despite the integration of PPy into the composite, the array structures are well retained. Moreover, high-magnication SEM image (Fig. S2 †) indicates that the PPy shell materials are in fact composed of many tiny nanosheets, which can be further conrmed by TEM.
Further insights into the morphology and microstructure of the products were revealed by TEM and HRTEM. 26, 42 The TEM image taken from the NiCo 2 -S 4 @PPy hybrid NSAs (Fig. 4C) conrms that the surface of NiCo 2 S 4 nanosheet has been successfully deposited with a layer of ultrathin and interconnected PPy nanosheets, which can provide more electroactive sites and greatly facilitate the charge transfer in the system to boost the energy storage efficiency. HRTEM studies (Fig. 4D ) reveal the distinct interface between the NiCo 2 S 4 core and amorphous PPy shells with a layer thickness of ca. 30 nm, unambiguously testifying the core-shell heterostructures. In addition, the EDS mapping analysis by HAADF-STEM (Fig. 5) shows that the constituent elements of C, N, Ni, Co and S can be detected throughout the observed nanosheet region, suggesting the homogenous distribution of PPy shell materials on the whole NiCo 2 S 4 backbones, which is consistent with TEM measurement. Moreover, FTIR has been utilized to explore the functional organic groups from PPy layers, and the result is illustrated in Fig. S4 , † which clearly demonstrates the successful coating of PPy layers on the NiCo 2 S 4 nanosheets. The superior electrochemical properties of hierarchical NiCo 2 S 4 @PPy core-shell hybrid NSAs for supercapacitors were rst investigated in a three-electrode system with 2 M KOH solution as the electrolyte. The CV curves of the pristine NiCo 2 S 4 , PPy and NiCo 2 S 4 @PPy hybrid electrodes as well as bare Ni foam were tested at a scan rate of 10 mV s À1 with a potential window ranging from À0.1 to 0.6 V, as shown in Fig. 6A . Aer the coating of PPy nanosheets, the PPy shells are able to contribute additional capacity via doping/ de-doping in alkaline solution. 46 As expected, the NiCo 2 S 4 @PPy hybrid electrode exhibits much increased CV integrated area than the pristine NiCo 2 S 4 and PPy electrodes, indicating the largely enhanced energy storage capacity for the hybrid electrode. 47 Fig . 6B compares the galvanostatic discharge curves of these electrodes at the same current density of 10 mA cm
À2
. As observed, the NiCo 2 S 4 @PPy hybrid electrode displays a much longer discharging time than the other electrodes, further demonstrating the improved electrochemical performance of the hybrid electrode through PPy coating. Fig. 6C displays the CV curves of the NiCo 2 S 4 @PPy hybrid electrode recorded at various scan rates ranging from 2 to 20 mV s
À1
. The shapes of these CV curves show no signicant changes as the scan rate increases, suggesting that this hybrid electrode is favorable for high-rate energy storage process.
48 Fig. 6D presents the galvanostatic discharge curves of the NiCo 2 S 4 @PPy hybrid electrode at different current densities varying from 5 to 100 mA cm
À2
. The areal capacities of the NiCo 2 S 4 @PPy hybrid electrode are calculated from the discharge curves and plotted as a function of current density in Fig. 6E with pristine NiCo 2 S 4 and PPy also included for comparison. Within the whole current density range, the NiCo 2 S 4 @PPy hybrid electrode delivers a much higher areal capacity than that of pristine NiCo 2 S 4 and PPy (the areal capacity of PPy rapidly decreases to zero at a current density of 30 mA cm
). Remarkably, the NiCo 2 S 4 @PPy hybrid electrode displays a high areal capacity of 800 mA h cm À2 at a current density of 5 mA cm
, which is about 2.1 times that of pristine NiCo 2 S 4 (383.9 mA h cm
) and nearly 74 times that of PPy (10.8 mA h cm
) under the same condition. This result is also much higher than those reported values on core-shell electrodes on Ni foam, such as NiCo 2 Moreover, even at a current density as high as 100 mA cm À2 , the NiCo 2 S 4 @PPy hybrid electrode still manifests a high areal ). The enhanced electrochemical properties for the hybrid electrode can be explained by the integration of NiCo 2 S 4 and PPy in such a unique hierarchical structure as well as the distinct synergetic contribution from the core-shell components.
To further understand the superior electrochemical performance of the NiCo 2 S 4 @PPy hybrid electrode, EIS measurements were carried out in a frequency range of 0.01 Hz to 100 kHz. Fig. 6F presents the Nyquist plots of pristine NiCo 2 S 4 , PPy and NiCo 2 S 4 @PPy hybrid electrodes. In the high frequency region, the real axis intercept of the curve indicates the bulk resistance, and the semicircle diameter reects the charge transfer resistance, while in the low frequency region, the straight slope of the curve shows the Warburg resistance (ion diffusion resistance). 52, 53 As shown in Fig. 6F , the NiCo 2 S 4 @PPy hybrid electrode exhibits a decreased bulk resistance than that of pristine NiCo 2 S 4 and PPy and a minimized charge transfer resistance, suggesting the improved electrical conductivity of NiCo 2 S 4 through the coating of PPy layers. Besides, the very similar slope of straight line for these electrodes implies that the interconnected core-shell nanostructures are highly accessible for ion diffusion into the electrodes. Owing to the fast electron transport and facile ion diffusion kinetics, the designed formation of NiCo 2 S 4 @PPy hybrid NSAs shall hold great promise as electrodes for high-performance HSCs.
To evaluate the electrochemical performance of the NiCo 2 -S 4 @PPy hybrid NSAs in real devices, an aqueous HSC device was fabricated by employing the NiCo 2 S 4 @PPy and AC as the positive and negative electrodes, respectively, as schematically illustrated in Fig. 7A . The CV curves of the NiCo 2 S 4 @PPy and AC electrodes were rst investigated in a three-electrode system (Fig. 7B) with a voltage window of À0.1 to 0.6 V and À1.0 to 0 V, respectively. It can be thus inferred that the as-fabricated NiCo 2 S 4 @PPy//AC HSC device is capable of affording a stable operating voltage of 1.7 V. Fig. 8C shows the CV curves of the NiCo 2 S 4 @PPy//AC device recorded at various scan rates from 5 to 100 mV s
À1
, which reveals the combined contribution of a battery-type faradaic electrode and a capacitor-type electrode to the CV behaviors. , and still retains 710 mA h cm À2 at a high current density of 100 mA cm
À2
, as illustrated in Fig. 7E . The cycling stability of the HSC device is very important and also evaluated by repeated charge-discharge tests at 20 mA cm
. As shown in Fig. 7F , the overall areal capacity of the device increases at the beginning of several hundred cycles due to the slow activation of the electrode materials, and then gradually decays with increasing cycles. Aer 3000 cycles, the HSC device still exhibits 98.3% retention of the initial value and nearly 100% coulombic efficiency, demonstrating the outstanding long-term cycling stability and good electrochemical reversibility. This fact can be also reected by the SEM image of NiCo 2 S 4 @PPy electrode of the HSC device aer 3000 cycles, with slightly changed morphology and structure as shown in Fig. S6 . † The energy density and power density are two vital parameters generally used to evaluate the energy storage devices for practical applications. Fig. 8A 56 To further highlight the high energy and high power performance, two NiCo 2 S 4 @PPy//AC devices are assembled in CR-2025 coin cells and connected in series. As shown in Fig. 8B , the devices can easily power 38 red LEDs with the characters of "2016" brightly aer a short time of charging, strongly suggesting the great potential in practical applications as advanced energy storage devices.
Conclusion
In summary, a 3D core-shell heterostructure of NiCo 2 S 4 @PPy NSAs was rationally designed and fabricated on Ni foam through a facile multi-step synthetic approach. With the integration of NiCo 2 S 4 nanosheets and PPy layers as the core and shell materials, the optimized hybrid electrode can deliver an enhanced areal capacity of 800 mA h cm À2 at 5 mA cm À2 and a reasonably high rate capability with current density increased by 20 times. Moreover, an aqueous HSC device based on NiCo 2 S 4 @PPy NSAs is assembled, demonstrating the high energy density (60. 
